Computer-controlled scalp cooling to prevent alopecia is currently available for patients undergoing chemotherapy. Previous studies have suggested that the temperature should be <22˚C at a depth of 1-2 mm in the scalp to prevent alopecia. However, the optimal pre-set temperature of the coolant medium to achieve this temperature requires further investigation. A pre-study was conducted to investigate which pre-set coolant temperature of 3 and 8˚C was the most effective in achieving a scalp temperature of <22˚C. The temperature variations at different sites of the scalp and variations within and among the participants at baseline and during the cooling procedure were also evaluated. A randomized main study was then performed to compare the efficacy and side effects of the two temperature levels during paclitaxel/carboplatin chemotherapy. A group of 5 healthy female volunteers participated in a series of scalp temperature measurements during cooling with 3 and 8˚C of the coolant medium. In the randomized main study, a total of 47 patients were included, of whom 43 were evaluable after the first cycle. A pre-set temperature of 3˚C tended to be the most efficient in achieving a hair follicle temperature of <22˚C. The top of the head was less responsive to scalp cooling. There were no significant differences in the prevention of alopecia between the two temperatures in the main study. However, headache and a feeling of coldness were more common in the 3˚C group. A coolant temperature of 3˚C was more effective in achieving a subcutaneous temperature of <22˚C. However, this finding was not reflected by a significant difference in the prevention of alopecia in this study, although a higher incidence of side effects was associated with a lower temperature level.
Introduction
Chemotherapy-induced alopecia (CIA) is one of the most traumatic side effects of chemotherapy for women with ovarian cancer (1) . This trauma is accentuated by cancer recurrence (2, 3) . A literature review of the effects of CIA on the quality of life confirms that alopecia is a growing concern among women undergoing chemotherapy (4) , possibly due to the increased preoccupation with appearance in modern society.
Hair is closely linked to a person's identity. Women have described baldness as a sign of weakness, which may lead to depression and low self-esteem. Alopecia is a constant reminder of the cancer diagnosis for the afflicted individual and a stigmatizing sign of cancer that is difficult to disguise (5) , occasionally leading to social withdrawnness (6) . Baldness may also be associated with loss of attractiveness, which in turn may affect sexual relations (2) . Women have expressed fears of being rejected by their partners due to alopecia (7) .
CIA is caused by the effects of the chemotherapeutic drug on the hair follicles that continuously receive blood supply from the superficial scalp arteries. Currently, the main approach to minimizing CIA is scalp cooling (8) . The rationale of scalp cooling is to achieve a vasoconstriction of the peripheral blood vessels, which leads to a reduction of the drug supply to the hair follicles (9) and decreased intracellular metabolism (10) . Earlier findings suggested that, at a depth of 1-2 mm in the scalp, the temperature should be reduced to at least 22˚C to obtain a hair-preserving effect (11) . Cooke et al (12) reported that the average scalp temperature in patients with severe alopecia was 25.6˚C. Bulow et al (10) cooled the scalp of 10 healthy volunteers and measured the blood flow to the frontal region by injecting 133 Xe. The authors of that study observed that a subcutaneous temperature of 22˚C corresponded to a surface temperature of 19˚C. However, since then, investigations on the optimal degree of hypothermia of the scalp surface in order to achieve a sufficient vasoconstriction for hair preservation have been limited (13) .
Over the last decades, different cooling techniques of the scalp to decrease CIA have been used in the clinical setting. The previously used cooling methods (crushed ice, frozen cryogel caps and cold-air cooling) were temperature-unstable, uncomfortable for the patient and time-consuming for staff.
Furthermore, these older techniques demonstrated no conclusive evidence with regard to the reduction of alopecia (9) . More recently, a computerized technique with a cooling unit similar to a refrigerator has been used to regulate the pre-set temperature. This technique has also been used in our department for research purposes and in the clinical setting since 2003. Over 300 patients have been treated with these cooling machines and our clinical experience is that this technique significantly reduces hair loss. Therefore, it appeared worthwhile to further refine this technique, increase our knowledge regarding the optimal temperature and treatment time required and make scalp cooling an efficient method for reducing hair loss and preserving the self-image of the patient.
The study was divided into two parts: the first part (pre-study) aimed to assess which pre-set temperature (3 or 8˚C) was the most effective in achieving a subcutaneous temperature of <22˚C in healthy volunteers. The temperature variations within and among the participants at the baseline and during the cooling procedure and the temperature variations associated with different regions of the scalp were also investigated.
The aim of the second part of the study (main study) was to compare the extent of CIA in patients undergoing scalp cooling after 4 cycles of paclitaxel in combination with carboplatin. The collective aim of the study was to determine which temperature (3 or 8˚C) was the most effective in preventing hair loss and the most tolerable to the patients.
Materials and methods
Pre-study. This study was conducted at the Department of Gynecological Oncology, Örebro University Hospital, Sweden. Data collection was initiated in 2005 and continued until 2007. A group of 5 healthy female volunteers underwent scalp cooling and participated in three sessions of scalp temperature measurements (Table I) . Following wetting of the hair, a peripheral venous catheter, 1.3 mm in diameter, was inserted into the scalp in parallel with the skin surface. The steel needle was removed and the grip of the plastic catheter was cut off, leaving 2.5 cm of the plastic catheter visible, with 0.7 cm remaining inside the scalp.
Probes for scalp temperature measurement were placed into the catheter and affixed with transparent surgical tape. The tip of each probe was estimated to be at a depth of 1-2 mm, which coincides with the location of the hair follicles. During measurements II and III, the probes were placed on the right side of the head, which was found to be a temperature-stable region.
Instruments. Dignitana™ equipment was used. The pre-set temperature was recorded by 3 sensors inside the silicone cap ( Fig. 1) and was visible on the monitoring screen of the machine. During the cooling procedure, a coolant medium consisting of circulating water and glycol circulated in the labyrinthine channels (interspaced at 7 mm) of an inner cap of silicone in a sealed system. A tight-fitting outer cap made of elastic neoprene was placed on the head of the volunteers and the patients. The Venflon™ Pro catheters, the HT 41019 probes with 3 sensors and an ATS-101 thermometry system used to record the temperatures, were purchased from Lund Science AB (Lund, Sweden).
The probes on the right side of the head were placed 5 cm above the crease of the earlobe. The other probes (top and back of the head) were placed in vertical and horizontal positions, aligned with the probes on the right side. The locations of the probes are shown in Fig. 2 .
The overall cooling procedure was adjusted to the clinic's routines and was conducted in a well-ventilated two-patient wardroom. The best-fitted cooling cap was placed on the moistened hair of each volunteer. The scalp of the volunteer was cooled and the procedure lasted for 1 h. The temperatures selected for the test were 3 and 8˚C, which were on both sides of the clinically used temperature of 5˚C, and were allowed a fluctuation of ±1.5˚C (which was the level of exactness provided by the manufacturer), without trespassing each other. Plus 3˚C was the lowest stable temperature possible to pre-set on the machine according to our prior pre-tests. Multiple pre-measurements were performed to test different sites of the head and assess the response of the scalp temperature when selecting different pre-set temperatures between 3 and 11˚C.
Main study. Patients who preferred scalp cooling and who met the inclusion criteria were consecutively invited to participate in the study. The chemotherapy regimen used in this study was a combination of paclitaxel and carboplatin. Paclitaxel is a highly potent drug that causes severe alopecia, whereas carboplatin is associated with a low risk of alopecia (14) . The majority of the patients had a confirmed diagnosis of ovarian carcinoma and the remaining patients had endometrial carcinoma. The characteristics of the 43 evaluable patients are presented in Table II . This part of the study was conducted between November, 2007 and May, 2011.
Inclusion criteria. The inclusion criteria of the present study were as follows: i) patients with gynecological cancer initiated on a chemotherapy session of paclitaxel (175 mg/m 2 ) in combination with carboplatin (AUC 5-6); ii) patients who understood Swedish; and iii) patients who signed an informed consent.
Exclusion criteria. The exclusion criteria of the present study were as follows: i) patients with previous alopecia; ii) patients who had received chemotherapy in the previous 12 months; and iii) patients who were considered ineligible for scalp cooling by the physician.
Randomization. After signing an informed consent, the patients were randomized to either the 3 or the 8˚C group via numbered, sealed envelopes. The member of the staff responsible for applying the cooling cap contacted the person responsible for the storage of the envelopes prior to each course of treatment. The same temperature was used for each consecutive session.
Blinding. The member of the staff who applied the cap and managed the cooling procedure was made aware of the pre-set temperature. The patient, the nurse who administered the chemotherapy and the persons who evaluated the photos were blinded to the pre-set temperature. Procedure. The entire procedure was conducted by skilled and experienced staff. Images (digital and paper) of the crown of the head were captured prior to each cycle and labeled with code numbers and dates. The hair was moistened and the randomized temperature was registered on the screen of the machine. The scheme for this course was in alignment with the clinical practice. The scalp was cooled with the Dignitana technique, as described above. The pump-driven paclitaxel infusion was initiated 30 min after the scalp cooling and lasted for 3 h. Directly after the paclitaxel infusion was stopped, the carboplatin infusion was administered over 30-60 min. The cooling cap was retained for 1.5 h after the paclitaxel infusion had stopped. The procedure lasted for ~5 h and the patients were connected to the machine during the whole time.
Data recording. The estimated hair loss of the patients and their experience of the cooling procedure was recorded. The captured images were stored in a memory card and transformed to Microsoft Picture Manager. The temperature registration by the sensors in the cold cap was stored in a personal coded disk. The content of the disks was transferred to a CD, in which all the patient temperature curves were stored. The patients were asked to complete a questionnaire regarding headache and coldness following each treatment session.
Evaluation of temperature graphs. The two investigators assessed the graphs from each cycle of all the patients to Patients' subjective evaluation. The patients estimated their own hair loss in a questionnaire prior to the second and the following treatments. Following the removal of the cooling cap, the patient rated the experience of headache and/or coldness during the cooling procedure. The patients assessed their hair loss and discomfort on a visual analogue scale (VAS). The VAS was graded 0-10, with 0 indicating no hair loss or no discomfort and 10 as total hair loss or the most severe discomfort.
Evaluation of images. The images were separately evaluated by two investigators, E.E. and L.N., using the VAS with 0-10 grading. All the images were compared for each patient in line, with 0 corresponding to no hair loss and 10 to total hair loss. There was a significant coherence in the evaluations; whenever there was a difference of opinions, a consensus was reached.
Hypothesis. We hypothesized that 65% of patients would retain 80% of their hair at a pre-set temperature of 3˚C and 35% would retain 80% of their hair at a pre-set temperature of 8˚C. 
Results
Pre-study. The main finding of the pre-study was that a temperature of 3˚C of the coolant tended to be most effective in achieving a subcutaneous temperature of <22˚C. With this pre-set temperature, 4 of the 5 volunteers reached a subcutaneous temperature of <22˚C following 30 min of cooling, whereas with a pre-set temperature of 8˚C, only 2 volunteers reached a subcutaneous temperature of <22˚C. The results were identical after 60 min of cooling (Table III) . In measurement I, the response to cooling in various regions of the scalp was investigated. The results demonstrated that the top of the head (vertex) was less responsive. The baseline subcutaneous temperature in this area was higher in 3 of the 5 volunteers and this difference was observed after 30 and 60 min of cooling in 4 of the 5 volunteers (Table IV) .
The difference in scalp temperature at the baseline prior to cooling varied within individuals and among individuals during each measurement session. The baseline temperature exhibited a maximum variation of 3.7˚C among the 5 volunteers (Table V) .
The results of our pre-tests demonstrated that the change in the pre-set temperature was not linearly associated with the subcutaneous temperature. Main study. A total of 47 patients were included in the study and 43 patients were evaluable after 1 cycle of chemotherapy. Of the 4 patients who completed cycle 1, 3 patients developed anaphylactic reactions to chemotherapy and 1 patient underwent a change in the regimen. The reasons for discontinuation during the following cycles were anaphylactic reactions, peripheral neuropathy and regimen modification. The results from the patients' evaluation of their own hair loss yielded a numerically lower VAS score for the 3˚C compared to that for the 8˚C temperature. This tendency was most pronounced in cycle 4 compared to the first 3 cycles. However, the differences were not statistically significant (Student's t-test; ANOVA repeated measures). The evaluation of the images by the investigators to grade hair loss demonstrated the same numerical differences in cycles 1-2, although without statistical significance between the two pre-set temperatures of the coolant medium. A significant time effect (ANOVA; P=0.035) was observed from cycle 1 to 4 with decreasing hair loss from cycle 2 (Table VI) . The most pronounced hair loss was recorded after cycle 2, by the patients as well as the investigators. The inter-rater agreement between the patients' evaluation of their own hair loss and the investigators' evaluation of the images was low (κ-value=0.16, 95% CI: 0.04-0.28). The patients scored their hair loss significantly higher on the VAS compared to the investigators (Wilcoxon matched-pairs test; P=0.033).
In the complete series, 49% of patients subjectively experienced >50% hair loss and 38% reported the need for a wig. No significant differences were recorded between patients treated with 3˚C and those treated with 8˚C regarding these end-points.
The results indicated an association between the pre-set temperature and the patients' experience of headache and coldness. There was a marginally higher mean score for headache in the 3˚C compared with the 8˚C group. Repeated ANOVA measures revealed a borderline significance (P= 0.085). The feeling of coldness was more common in the 3˚C group and this difference was statistically significant (ANOVA; P= 0.037) ( Fig. 3) . No significant time effects were observed in the registered side effects (Table VII) .
Discussion
The findings of the pre-study indicated that a pre-set temperature of 3˚C of the coolant medium was more effective in achieving a subcutaneous temperature level of <22˚C and, possibly, in preventing alopecia more efficiently. However, the randomized main study could not verify a significant difference in the prevention of alopecia between the 3˚C and the 8˚C groups. The findings also revealed a difficulty in determining a specific pre-set temperature suitable for all individuals, which was in agreement with the findings of other studies (6, 11, 15) . Furthermore, scalp cooling may not be suitable for all patients (16) and the incidence of side effects, such as headache and coldness, may increase with lower pre-set temperatures. Although the number of volunteers was limited, the findings of the pre-study provided useful information regarding the range of variations in scalp temperature within and among individuals, at baseline and during the cooling procedure. To the best of our knowledge, these variations had not been priorly documented to this extent. The variations may explain why patients respond with such divergence to scalp cooling in the clinical setting, despite identical pre-set temperatures. Gregory et al (11) measured the scalp temperature in 24 patients using a hypodermic needle and reported variations in the subcutaneous temperature from 18.5-28.5˚C during cooling; however, since needle placement was not reported in that study, a comparison with our findings is difficult.
Investigators have previously attempted to elucidate the reason for the variations in scalp temperature among individuals. Breed (17) reported that biochemical and biophysical processes affected the association between skin temperature and hair loss. Bulow et al (10) investigated whether the enhanced heat dissipation originates from structures lying below the subcutaneous tissue or from thermal reflex differences when it comes to skin perfusion. Janssen et al (18) underlined the importance of individual anatomical differences, such as the shape of the head and the thickness of the insulating fat layer. Those findings contradicted those previously reported by Gregory et al (11) ; those authors suggested that the variation in scalp temperature among patients may not be attributed to the density of the scalp tissue or hair thickness. There is currently no satisfactory explanation for the wide scalp temperature variation in the same individual at various time points.
Our clinical experience is that the most extensive hair loss during chemotherapy with scalp cooling is observed in the top of the head, which was confirmed by the findings from our pre-study. The subcutaneous baseline temperature in that region was ~30˚C and appeared to be more unresponsive to scalp cooling. Trueb (14) also reported that the top of the head is the most common region where hair loss is observed. Massey (19) observed that the temperature in the top of the head at room temperature tended to be by 1˚C higher compared to that in other regions of the scalp. In the present study, the evaluation of the images captured from the top of head indicated that this is the region most extensively affected by alopecia.
To the best of our knowledge, this study was the first randomized, blinded study on scalp cooling and the comparison of two pre-set temperatures to determine the most effective temperature level for the prevention of hair loss. The study group exclusively included patients receiving the same highly potential chemotherapeutic agent (paclitaxel) to ensure homogeneity. Our findings are consistent with those reported by Ridderheim et al (20) , who used the same technique and observed that hair loss in 30 patients who received paclitaxel and carboplatin ranged from 0-6.5 (mean 2.5) on the VAS with a pre-set temperature of 5˚C. When summarizing all the cycles of the present study, we estimated a mean value of 2.4 (range, 0.2-7.8) on the VAS with a pre-set temperature of 3˚C and a mean of 3.2 (range, 0.3-9.0) with a pre-set temperature of 8˚C, indicating a temperature dependence of hair loss.
In addition, the main study provided data on the side effects associated with scalp cooling, such as headache and coldness, enabling a better understanding of this subject.
Side effects, such as headache and coldness, are commonly reported in conjunction with scalp cooling (20, 21) . The discomfort of scalp cooling was increased when the pre-set temperature was lowered from 8 to 3˚C. Katsimbri et al (22) reported that headache appeared to worsen with extended regimens. The patients in our study had the cold cap on for 5 h, which must be considered as the maximum tolerated time for patients undergoing chemotherapy. We also observed a higher incidence of headache and feeling of coldness compared to previous findings with a pre-set temperature of 5˚C (20) .
In previous studies, the outcome of scalp cooling was measured on a 4-point Dean's scale (23) , or according to the World Health Organization's 5 criteria of hair loss (19, 24) . Both scales range from no hair loss to 75% or total hair loss. For the evaluation of the main study, the VAS was selected with 10 score steps, which is the same method as that used by Ridderheim et al (20) . That study used the same method of scalp cooling and some of the patients included received the same type of chemotherapy as our patients, which makes the two studies comparable. There are more flexible choices in the evaluation of hair loss and side effects when using the VAS, which was convenient and considered as an advantage.
There are a number of considerations when evaluating the results of the present and other studies. In the pre-study, we were unable to confirm with precision that the tip of the probe was placed at the depth of the hair follicles. Probe displacement may explain some of the deviations. However, the results are largely in agreement with the findings of Bulow et al (10) , who stated that the temperature reduction from the subcutaneous to the epicutaneous tissue in the frontal region of the head is ~3˚C. The association between subcutaneous and epicutaneous temperatures was not linear throughout the cooling procedure, with the difference being more noticeable after 30 min.
In the main study, there were a number of patients who were unable to complete the 4 cycles, due to circumstances beyond our control. Moreover, the time of patient inclusion was more prolonged than anticipated.
The fit of the cooling cap may also affect the study results. Further studies are required on the design of the cooling cap and the contact between the cooling channels of the inner cap and the surface of the scalp, particularly in the region of the vertex (top of the head).
In conclusion, the results demonstrated that a pre-set temperature of 3˚C of the coolant tended to be more effective in achieving a subcutaneous temperature of <22˚C. However, there was no statistically significant difference between the two investigated temperatures regarding the prevention of CIA in patients receiving paclitaxel and carboplatin. Numerically, the VAS scores were in favor of the 3˚C temperature; however, the differences between the two groups were not statistically significant. In addition, the difference between the two levels of temperature may be due to the rather limited number of patients included in this study.
Our findings revealed a difficulty in determining an optimal pre-set temperature for all the individuals. Ideally, a non-invasive method should measure the temperature of the surface of the scalp during the cooling session and adapt the pre-set temperature of the coolant in response to this measurement. In order to measure scalp temperature there is a need for an appropriate validated instrument, as previously stated by Hesketh et al (25) . Until a more reliable method to investigate the advantages and disadvantages of scalp cooling is designed, we must conclude that a temperature of 3˚C may be more effective in preventing alopecia during paclitaxel/carboplatin treatment, at the cost of a higher incidence of side effects.
Our findings indicated that further investigations are required to evaluate and improve the existing scalp cooling techniques during chemotherapy treatment of cancer patients.
